1
Pseudomonas putida KT2440 is a metabolically versatile soil bacterium useful both as a model 2 biodegradative organism and as a host of catalytic activities of biotechnological interest. In this report, 3
we present the high-resolution transcriptome of P. putida cultured on different carbon sources as 4 revealed by deep sequencing of the corresponding RNA pools. Examination of the data from growth on 5 substrates that are processed through distinct pathways (glucose, fructose, succinate and glycerol) 6 revealed that > 20% of the P. putida genome is differentially expressed depending on the ensuing 7 physiological regime. Changes affected not only metabolic genes but also a suite of global regulators 8 e.g. the rpoS sigma subunit of RNAP, various cold-shock proteins and the three HU histone-like proteins. 9
Specifically, the genes encoding HU subunit variants hupA, hupB and hupN drastically altered their 10 expression levels (and thus their ability to form heterodimeric combinations) under the diverse growth 11
conditions. Furthermore, we found that two small RNAs, crcZ and crcY, known to inhibit the Crc protein 12 that mediates catabolite repression in P. putida, were both down-regulated by glucose. The raw 13 transcriptomic data generated in this work is made available to the community through the Gene 14 Expression Omnibus database. 15
__________________________________________________________________________________ 16

INTRODUCTION 18 19
The KT2440 strain of the soil bacterium Pseudomonas putida has attracted much attention for over 30 20 years as an experimental system that embodies many of the questions and applications of 21 environmental microorganisms (Bagdasarian et al., 1981) . This bacterium harbours a 6.2 Mb genome 22 encoding a large number of genes related to utilization of unusual compounds as carbon sources 23 2008). Yet, the abundance of information that is encrypted in such deep RNA sequencing 11 experiments can only be decoded through a community-based effort. Typically, different teams will 12 focus on specific aspects of the same transcriptome and each will make a specialized analysis of 13 features of the bacterium at stake that may not be important to others of the same community (Guell et 14
al., 2009). 15 16
In this report, we have inspected the complete RNA-seq transcriptome of P. putida KT2440 in steady 17 grown cultures of this bacterium on four different carbon sources, i.e. glucose (Glu), fructose (Fru), 18 succinate (Suc) and glycerol (Gly). As shown below, a gross analysis of the data revealed a major 19 reorganization of the genetic and biochemical network of this microorganism that involved not only 20 metabolic genes but also archetypal global regulatory factors and ncRNAs. Since a large number of 21 testable hypotheses beyond our own interests can be raised on the basis of these transcriptomes, we 22
offer the community open access to the raw data and encourage further analyses of the RNA landscape 23 of P. putida KT2440. 24
25
RESULTS AND DISCUSSION 26 27
The transcriptomes of P. putida growing in four distinct carbon sources 28
29
In order to gain an insight on the impact of various metabolic regimes into the genome-wide expression 30 landscape of P. putida, we performed four RNA-seq experiments with cells growing on carbon sources 31 observed also between cells growing on the other carbon sources. While the detailed analysis of 23 transcripts in the context of each metabolic regime is beyond the scope of this article, we focused our 24 attention in a limited number of global regulators encoded in separated parts of the genome (Fig. 1A ) 25 and the transcription of which conspicuously changed from one condition to the other. Gly while it displayed a low mRNA level in Glu and Suc (Fig. 1C) . In E. coli, expression of this protein is 24 inversely correlated to the growth rate, being up regulated during stationary phase, although it is not 25 dependent on RpoS (Yamanaka and Inouye, 1997). As shown in Fig. 1C , the expression profile of cspD 26 gene matches the differences in growth rate as discussed for the rpoS gene in Fig. 1B . In any case, 27 available data on regulation of this type of csp genes rely on growing cells at different temperatures but 28 the experiments summarized in Fig. 2C are all made at 30ºC. How can then C sources influence the 29 process? The known mechanism that controls expression of Csp proteins involves either by post-30 translational control of mRNA translation or the stimulation of anti-termination inside the target genes 31 (Phadtare and Severinov, 2010). In order to investigate the conservation of these mechanisms in the 1 control of the Csp proteins production by the carbon sources tested we examined the RNA-seq data for 2 the three genes in order to identify their transcription start and termination sites (TSS and TTS, 3 respectively). Fig. 2 shows the high-resolution structure of the transcripts for the csp genes. cspA-1 (Fig.  4 2B) and cspD ( Fig. 2C ) have two TSSs that generate 5'-UTRs of ~100 nt. In contrast, cspA-2 (Fig. 2B) , 5 has a single TSS and the 5'-UTR is shorter (~50 nt). The presence of long UTRs in the 5' regions opens 6 the possibility that some post-transcriptional regulation can ultimately control expression of these genes. 7
Still, the most remarkable feature of these transcripts was the presence of premature TTSs within each 8 of the three coding sequences. In the case of cspA-1, two TTSs seem to occur inside the gene while a 9 third termination (TTS-3) appears several nucleotides after the STOP codon of the gene ( Fig. 2A) . The 10 same situation was found for cspA-2 (Fig. 2B ), while two TTSs were found for cspD, one inside the 11 coding region (TTS-1) and another following the ORF (TTS-2, Fig. 2C ). Such a premature termination of 12 mRNA observed in the csp genes was noticed in very few other cases of the transcriptome of P. putida 13 and it is thus likely to be a genuine phenomenon. In contrast, the large majority of the other genes 14 examined display signals and expression patterns that are maintained (at different levels) along the 15 entire coding region (see e.g. expression of the housekeeping gene rpoD in Supplementary Fig. S2 ). hupB and hupN transcripts revealed a considerable change of their respective levels in each of the 3 conditions tested (Fig. 3) . hupA had the lowest expression in Glu, while it was induced by ~2-fold in Suc 4 and Gly. However, the same gene multiplied its transcription by 10-fold when growing in Fru (Fig. 3A) . In 5 the case of hupB, the maximal fold-change observed was ~2.5-times between Suc and Gly conditions 6 (expression in this case was higher in Glu/Suc than in Gly/Fru conditions). Finally, a comparatively lower 7 expression level was observed for hupN under all conditions although the pattern was also Glu/Suc > 8
Gly/Fru (Fig. 3a) . Considering that the three hup genes could account for six dimeric forms, their 9 differential expression could bring about a switch in the relative abundance of each of these molecular 10 species. As sketched in Fig. 3b , the higher expression of hupB and hupN with Glu/Suc could favour 11 formation of the BB, NN and BN dimers of HU. In contrast, the higher expression of hupA and lower of 12 hupN with Fru could displace the equilibrium towards formation of AA, BB and AB dimers. Finally, in 13 cells growing in Gly all three genes are expressed at low level and thus the six dimeric forms of the 14 protein could be generated at similar ratios, but with a lower absolute protein level. Should these 15 medium with succinate) expression of crcZ and crcY is induced while Crc levels decrease, the effect 3 being the relief of CR (Rojo, 2010). As shown in Fig. 4 
12
As is the case with other bacteria, the transcriptomes of P. putida under various conditions represent a 13 fingerprinting of the complete physiological and regulatory status of the cells. Yet, not all aspects of any 14 given organism are equally important for specific purposes. P. putida is remarkable for its metabolic 15 versatility, its stress endurance and its potential as a genomic and biochemical chassis for engineering history of the corresponding metabolic pathways for specific compounds. We encourage the P. putida 27 community to make use of the resource hereby released for exploring these questions with either the 28 generic software mentioned in the Experimental procedures or with other tools tailored for specific data 29 interrogation. The complete raw dataset is available at the Gene Expression Omnibus (GEO) site of the 30 NCBI (http://www.ncbi.nlm.nih.gov/geo) with accession code GSE46491. One example of utilization is 31 e.g. the recently reported metabolic and regulatory analysis of P. putida grown on glycerol (Nikel et the four following carbon sources: glucose (10 mM), succinate (15 mM), glycerol (20 mM) and fructose 10 (10 mM). In all cases, cells were grown at 30ºC with vigorous orbital shaking. In order to obtain RNA for 11 deep sequencing, single colonies of P. putida were inoculated in M9 with succinate as the sole carbon 12 source. After overnight growth, cells were washed twice and diluted 100-fold in 20 mL of fresh medium 13 containing succinate, glucose, fructose or glycerol as growth substrate in 100 mL Erlenmeyer flasks. 14 Cultures were then allowed to grow until mid-exponential phase (OD600 ~0.4). Cultures samples (10 ml) 15
were immediately transferred into 15-ml Falcon tubes containing 1 mL of ice-cold phenol/ethanol 16 solution [5% (v/v) water-saturated phenol in ethanol] to protect RNA from degradation. Cells were then 17 harvested by centrifugation (3,800 rpm for 15 min at 4°C). After aspiration of the supernatant, the 18 pellets were frozen in liquid nitrogen and stored at -80°C until further processing. Total RNA was 19 extracted by using the RNeasy kit (Qiagen Inc.) with some modifications. The collected pellets were 20 resuspended in 0.3 mL Tris-HCl (pH 7.5) containing 2 mg/mL lysozyme and incubated for 10 min at 37 21 °C . Then, 0.1 mL of lysate was used according to the manufacturer's instructions. RNase-free DNase 22 (Qiagen Inc.) treatment was performed during the isolation procedure to eliminate the residual DNA. 23
Finally, the quality of RNA samples was evaluated using an Agilent 2100 Bioanalyzer (Agilent 24 Technologies Inc.). randomly-primed reverse transcription was performed to obtain the first strand chain, and then GEX 6 second strand buffer solution, dNTPs, RNase H and DNA polymerase I were added for synthesis of the 7 second strand cDNA, and the synthesized product was finally purified and kept at −20ºC until further 8 use. The cDNA was end-repaired and phosphorylated (using a mixture of T4 DNA polymerase and 9
Klenow DNA polymerase), followed by adenylation of 3'-ends, and 5'-adapter ligation. The ligated 10 reaction was purified on a 2% (w/v) agarose gel and template cDNA in the 200 bp (± 25 bp) range was 11 selected and eluted. The purified cDNA template was enriched by PCR (using Phusion high-fidelity DNA 12 polymerase), and the purified libraries were sequenced using the Illumina HiSeq TM 2000 system to yield 13 91-paired end reads. In order to provide a statistical basis for the identification of differentially expressed 14 genes, the RNA-seq data was processed as indicated below. 15
16
RNA-seq data analysis 17 18
For RNA-seq analysis, the resulting sequence reads were filtered according to quality criteria. First, 19 reads containing the adaptors were removed, as well as those with more than 10% of ambiguities (N) or 20 with more than 50% of the nucleotides with quality below 5. The remaining high quality reads were 21 mapped to the database of Pseudomonas putida KT2440 genes (GenBank accession AE015451) using 22 expressed genes between two samples (for example, glucose vs. fructose condition), a Poisson 26 distribution for the small proportion of reads that uniquely maps to a given gene was assumed, and fold 27 changes and p-values were calculated (Audic and Claverie, 1997). Finally, to minimize the multiple 28 testing problem, p-values were corrected and expressed as FDR (Benjamini et al., 2001) . Using this 29 methodology, genes with FDR ≤ 0.001 and absolute Fold Change larger than 2 were considered as 30 differentially expressed. 31 1
Data visualization 2 3
Read alignments were further processed using Integrative Genomics Viewer-IGV software (Robinson et  4   al., 2011) . Analysis of the reads at each condition was performed using IGV batch tools. Plots shown in 5 Fig. 2 were generated using R package (http://www.r-project.org/). 
